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Section 1
Executive Summary

The radiative properties of a z-pinch are determined by the ion temperature T;, ion
density n; and electron temperature T, achieved in the pinch. The time resolved values of
n;, Tj and T, and their spatial distribution would provide valuable information about
physical process occurring during the implosion and stagnation phases of the pinch which

could be used to improve yield and spectral fidelity of the source.

Procedures used to-date have inferred the average electron densities and temperatures of
z-pinches by comparing both the measured intensity ratio of dominant spectral lines and
the total radiation yield with calculated values obtained from collisional radiative
equilibrium (CRE) model calculations. [1] Since optically thick lines have been used in
these studies, the total line intensity, averaged over the pinch radius, have to be calculated
for different assumed radial distributions of the electron density and temperature. The
new feature of the work described herein is to use an imaging spectrometer to obtain the
distribution of optically thin spectral lines perpendicular to the pinch axis. These line
intensities can be Abel inverted to obtain their radial distributions, from which the local
density and temperature can be inferred using the same CRE codes. The use of the
density sensitive intercombination (IC) to He, line ratio in this analysis is new to the z-
pinch community. Trace amounts of optically thin dopants are used to minimize
complications due to opacity and line intensity ratios used to eliminate the need for
absolutely calibrated spectrometers or radiation yield measurements. The measured K-

shell yield can now be used to bench mark the spectral analysis routine.

HY-Tech chose the Johann spectrometer for this study because it provides both the
spectral range necessary to measure the line intensities of interest and sufficient spectral
resolution to measure the Doppler width. The Doppler width is required to infer ion
temperatures, which are used in the CRE calculations. The Johann geometry employs a

concave cylindrical crystal to disperse and focus the radiation from an extended source



onto a detector circle, called the Rowland circle, thereby eliminating source broadening.
HY-Tech haé designed and constructed both time resolved and time integrating
spectrometers in which the crystal and detector can be moved independently to maintain
the Johann geometry as the crystal tilt angle is varied to continuously access different
spectral ranges. The time resolved version employs four imaging slits and four gated
striplines on the microchannel plate detector to record four time and space resolved
spectra. The integrated version utilizes film recording in a modified configuration (HY-
REX) where a best focus circle replaces the Rowland circle. In this version all x-rays
reflected from the crystal are optimally focused, not only those from the center of the
crystal, thereby extending the range of high spectral resolution. The spectral resolution of
the HY-REX instrument was measured using an electron beam excited K, source to have
a figure of merit A/AA ~ 1850 for ADP and KAP crystals used in first order. This limiting
value is attributed to the mosaic structure of the crystals and may be much higher when

used in higher order or with other crystals, such as Si (111).

The time resolved version included an alignment laser for pointing the spectrometer at
the x-ray source and imaging slits which can be opened to facilitate imaging a bright light
source at the pinch location onto the striplines of the detector. All four slits can be
translated as a unit to accomplish this positioning and then closed down to the proper slit
width for recording. A 40 mm x 45 mm microchannel plate detector with 6 mm wide
striplines provides complete spatial imag.ng of the spectra at both ends of the detector
with more spatial resolution than is currently available in any K-shell spectrometer. The
film recording version features a shutterless film cassette design that utilizes a light tight
Be window entrance aperture. With this cassette no data is lost because the shutter was

inadvertently left closed.

The film version was fielded on a number of simulators to evaluate the design concept of
maintaining the Johann geometry when the crystal was rotated and to evaluate the

analysis routine for inferring the density and temperature distributions. Ion temperatures

o



were inferred from optically thin dopants (Mg or Si) in Al Alloy wire loads imploded on
Saturn and Double Eagle in both the short (60 — 90 ns) and long (120 — 200 ns) current
pulse modes. The ion temperature was in the range of 3 — 5 keV in the short pulse mode,
where radiation pulse lengths were 29 — 43 ns compared to 7 — 9 keV in the long pulse
mode where a large number of wires were used and the radiation pulse was shorter (8.4 to
19 ns). Since the electron temperatures are consistently inferred to be in the 1 — 1.5 keV
range these results indicate that the lower value of Ti/T, and hence greater degree of
thermalization, are obtained with the shorter current pulse. Since the radiation pulse was
longer in this case, the degree of thermalization appears to be determined by the radiation

pulse length and not the current pulse length.

The first radial ion temperature distribution was obtained on the DM-2 generator at
Maxwell PI imploding an Ar gas puff load. A monotonic distribution was observed which
decreased from an uncorrected value of 9 —10 keV on-axis to 5 keV at a radial position of
3.5 mm. These values are in the range observed with wire loads in the long pulse mode.
Axially resolved x-ray spectra were obtained which exhibited a spatially varying center
line wavelength whose variation appears to be larger at the cathode end of the pinch.
Doppler velocities inferred from these wavelength shifts are about one-half the implosion
velocity anticipated when the 1 parameter is approximately 1. Their origin, though not

understood, reveals new information about implosion dynamics.

The analysis routine for inferring the radial distribution of the electron density and
temperature from the radial distributions of the Ly,/(He, + IC) and IC/He, line ratios was
evaluated using Si spectra obtained on Double Eagle with Si coated (5%) Al wire loads.
The analysis predicted a density distribution with an on-axis minimum which increased
radially. The on-axis depression was not a surprise since the optical depth is estimated to
be 1.6 at the center of the pinch. However, the density was expected to decrease when r
exceeded some value r, where opacity was no longer an issue. The erroneous increase in

density that was inferred for r>r, was shown to be due to a scattering process proposed by



Apruzese et al. [2] where intense He, radiation from the core of the pinch is absorbed and
reemitted (scattered) by He ions in the low density outer region of the pinch. The very
large difference between the photo excitation rates of the He, line and the IC line (a
factor of 230) results in a reduced IC/He, line ratio which is characteristic of a large
electron density if this scattering processes is not taken into account. The analysis by
Apruzese et al. [2] has shown that the CRE model can be used to model the observed
intensity distribution. In this case, the spatially resolved intensity of an x-ray line
emergent from the pinch is calculated at different perpendicular distances from the pinch
axis while taking into account photo excitation by radiation from the core. The predicted
spectrum is sufficiently sensitive to the assumed density and temperature distribution that
this procedure can be used to infer these distributions with a high degree of confidence in

their uniqueness.

The time resolved spectrometer was not fielded on any simulators to determine its

relative virtues.



Section 2
Introduction

2.1 Motivation

The radiation characteristics of a z-pinch plasma radiation source (PRS) are affected by
the plasma density and temperature achieved in the pinch, their spatial distribution, the
stability of the pinch, and the thermalization of the implosion kinetic energy. Knowledge
of these plasma parameters provides information about the physical processes occurring
during the implosion and stagnation phases of the pinch. The ion temperature can be an
indication of the implosion velocity acquired by the imploding ion and the resulting
opacity of the plasma. Axial and radial inhomogeneities may be a measure of magneto-
hydrodynamic instabilities in the plasma whereas the ratio of the electron and ion
temperatures and non-thermal electron energies are a measure of thermalization and
micro instabilities occurring during the stagnation phase. A comparison of the measured
values of these parameters with theoretically calculated ones is required to benchmark
codes used to predict scaling relationships in larger radiation sources. A more critical
evaluation of these codes is possible if they are subject to the more stringent requirements
of predicting the radial plasma distribution in the pinched plasma as well as the x-ray

yield and pulse length.

The intensity of spectral lines emitted by a plasma can be related to the internal plasma
conditions using collisional radiative models which incorporate these plasma processes.
An iterative procedure has been employed where the various line intensity ratios and total
radiative yield are calculated for assumed plasma conditions and compared with observed
values. [1] This procedure is repeated until convergence is achieved. This procedure can
be significantly simplified if optically thin lines are studied since radiation transport does
not need to be included in the analysis. The procedure is further simplified if the radially
resolved intensity distribution of the emitted lines are available to infer the radial

distribution of plasma parameters. The program described herein is concerned with



combining spectroscopic techniques with one-dimensional imaging to obtain either the
radial or axial distributions of plasma parameters. Optically thin dopants are used to
obtain these parameters with minimal complications due to opacity and line intensity
ratios are used to eliminate the need for absolutely calibrated radiation yield
measurements. These yield measurements, along with the Ly,/He, + IC line ratio, are
required by the procedure used in reference [1] to determine the average electron density
and temperature. The measured K-shell yield can now be used to bench mark the spectral

analysis routine.

The intensity of spectral lines depends, in general, on both the ion density and electron
temperature. The ratio of intensities from different ionization states is particularly
sensitive to the electron temperature. The ratio of the Lyman alpha (Ly,) to the He, +
Intercombination (IC) intensities has been used extensively for this purpose. [1]
Calculations have shown that the ratio of the He, and Li like jkl dielectronic satellite
lines is also proportional to the electron temperature and relatively insensitive to the
electron density and can be used for this purpose. [3] The IC line, on the other hand, is
collisionally excited and is therefore particularly sensitive to the electron density. Its ratio
with the He, line is relatively independent of the electron temperature for T, greater than
some critical, T¢(z), which increases with atomic number as shown in Figure 1 which is
taken from Ref [4]. These three line ratios are the candidates for inferring the radial
electron density and temperature profiles in the pinch. Only the intensity, integrated over

the ion line profile, must be Abel inverted for each spectral line being analyzed.

Different electron density and temperature regimes can be probed by incorporating trace
amounts of higher atomic number materials into the load material as the temperature and
densities increase. Practical limitations of this technique exist since it is not always
possible to obtain loads with the desired trace elements. It is straightforward to include F,
Ne, O, N, CI, or Ar as optically thin trace elements in gas puff loads. However, there are

plasma temperature/density regimes where an element between Ne and Cl is desirable,



such as Si, which is only available as a toxic gas. Similar problems are encountered with

wire loads where alloys of Al containing S or P are not available.
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Figure 1. The Ne dependence of the He,/IC intensity ratio for several He-like ions. The calculations were
made at the following electron temperature values: Na9+, Te =250 eV; Mgl10+, 340 eV; All 1+,
360 eV; Sil2+, 420 eV; P13+, 490 eV. S 14+, 560 eV; Cl15+, 710 eV; Arl6+, 760 eV; and
K17+, 800 eV. Experimental values are shown by dots with error bars. [4]

There are more fundamental problems associated with relating the IC/He, line ratio to
electron density if the plasma contains non-thermal electron beams. In this case, the
radiation may be polarized, and if the spectrometer is polarization sensitive, the intensity
ratio may be different for polarization paraliel or perpendicular to the electron beam and
beam effects must be included in the analysis of the line intensities. [5] Although this
complicates the analysis, it also provides a diagnostic tool to probe the electron density

distribution, which can significantly affect the radiation characteristics of PRS’s.

The Stark broadening of hydrogen and helium like lines is an analysis technique for
inferring the electron density that does not depend on line intensities. This technique has
been used extensively to determine plasma densities in magnetic confinement devices [6]
and it has recently been extended to laser-produced plasmas and z-pinches. [7,8] The
densities inferred in this way can be compared with those inferred from line ratios for
self-consistency. Unlike ratio measurements, where only the intensity of the line must be
Abel inverted for radially resolved density measurements, the Stark technique requires
the spectral line profile to be Abel inverted, wavelength by wavelength, for this purpose.

This can introduce some error into the measurement. Furthermore, the Doppler



broadening must be deconvoluted from the total line profile to determine the Stark
contribution,» which is usually significantly less than the Doppler contribution. Any
residual opacity broadening further complicates the analysis process making this

technique difficult, but not impossible to apply.

In addition to plasma density distribution measurements, spectroscopic techniques can be
used to infer the ion temperature profile from the Doppler width of optically thin lines.
As in the case of Stark broadening, the measured intensity must be Abel inverted to
obtain the radially resolved line profile from which the radial ion-temperature profile can

be inferred. These ion temperature measurements are required for the CRE calculations.

2.2  Spectrometers

High resolution spatially imaging spectrometers are required to infer the plasma
parameters described above. Spectrometers employing convex, flat and concave crystals
have been used to record x-ray spectra in the range of 0.7 to 15 keV. Low dispersion
convex crystals are used in survey spectrometers to record the entire spectrum emitted by
the source. These spectrometers have limited energy resolution since monochromatic x-
rays emitted from different locations in the source are recorded at different locations at
the detector. This source broadened energy resolution is inadequate to resolve the
Doppler width of the line and to resolve the He,, IC and Li like satellite lines in some

cases, and is not considered for this program.

Cylindrical, spherical and elliptical crystal spectrometers have been employed to
overcome source broadening by focusing monochromatic x-rays onto one point at the
detector. [9] The Johann geometry employing a cylindrical crystal of radius, R, is one of
the simplest and widely used varieties. [10] The rays are focused onto a cylindrical
surface known as the Rowland circle. A slit parallel to the dispersion plane images the
plasma perpendicular to the dispersion direction. Only a limited length of the crystal

satisfies the Bragg criteria which limits the numerical aperture (NA) or brightness of the



spectrometer. The NA can be increased by using an elliptical crystal to focus radiation
from a source located at one focus of the ellipse onto the detector located at the other
focus. [9] The elliptical crystal spectrometer has found numerous applications for

studying laser produced plasmas. [3]

The Johann geometry was chosen for this program because it has a larger spectral range
then the other focusing varieties and the required crystals are easier to obtain. However,
the Johann spectrometer has limitations which must be addressed if high spectral
resolution is desired over a broader spectral range. Trajectory calculations indicate that
only those rays of energy, E, which are reflected where the Rowland circle is tangent to
the crystal are focussed onto it. Rays with energy E<E, focus behind the Rowland circle
and rays with E>E, focus in front of it. These trajectory calculations can be used to define
a best focus circle where all of the x-rays from an extended source, that are Bragg
reflected from the entire length of the crystal, are optimally focused. The “best focus™
circle defined in this fashion replaces the Rowland circle in a modified Johann geometry
which extends the energy range over which high spectral resolution measurements are
possible. A kinematic mount has been designed which preserves the best focus geometry
when the detector and crystal are rotated to access different spectral ranges. The spectral
advantage achieved with the best focus detector and film recording is lost when a flat

microchannel plate detector is utilized in a time-resolved spectrometer.

Any spectrometer that uses a slit to image the source in one dimension (say the radial
direction), averages the radiation over the other dimension (i.e. along the pinch length).
Axially averaging the transverse displacements of a kink-like distribution results in a
broader radial distribution and transverse velocities in the pinch become averaged to a
broadened Doppler profile. Some aperturing is required to observe only one axial
position in the pinch if localized measurements are desired. Wong et al. [11] claimed that
the required localization could be obtained by placing an aperture on an “imaging circle”

which they defined as a circle with radius R/4 tangent at the crystal surface. HY-Tech’s



ray-tracing code indicates this is not the case since polychromatic rays emitted from one
point in the pinch do not pass through one point on the “imaging circle” as claimed in
Ref. 11 or any surface near by. An aperture placed here would affect the energy spectrum
recorded. We have shown that a film placed near the crystal or far beyond the Rowland
circle can be used to obtain a 2-D image of the pinch in the wavelength of each line
emitted by the pinch. An aperture placed at this location will select an axial position for

that wavelength. Separate apertures are required for each wavelength probed.

2.3 Overview of Program

Three spectrometers were modified or constructed in the course of this work. First, a
survey spectrometer was converted to a Johann version which included a film cassette
mounted on an arm connected to the crystal mounting stage. This arrangement preserved
the Johann geometry while the crystal was rotated to access different spectral ranges.
Next, a high resolution extended range (HY-REX) spectrometer was designed and
constructed which incorporated the best focus circle concept. The Bragg angle can be
varied from 18° to 55° to access a large spectral range with a given crystal. The film is
precisely located using a positive locking mechanism to press it against the curved “best
focus” contour. A shutterless light-tight configuration is achieved using a pinhole free
12.5 mm thick Be foil entrance window that is transparent to the x-rays of interest. With
this configuration scintillation from the crystal is excluded from entering the cassette.
The cassette can be transported without special precautions and spectra are not missed

because the operator forgot to open the shutter.

The last design utilizes four (4) entrance slits together with four (4) gated striplines on a
microchannel plate detector to record time resolved spectra from the pinch. A schematic
representation of this spectrometer showing three (3) of the 4 slits employed is presented
in Figure 2. A square microchannel plate detector with 6 mm wide striplines is employed
to cover the full spectral range of the crystal at every time probed. A sliding vacuum seal

allows the spectrometer body, on which the detector is mounted, to rotate relative to the
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crystal and thereby maintain the Johann geometry when the latter is rotated to access a
different speétral range. The spectrometer includes a number of features which facilitate
the alignment of the instrument. This includes an alignment laser that can be introduced
through a side port, for rough alignment. Fine tuning the alignment is achieved using the
slit assembly, which can be translated to position the image on the center of the

microchannel plate detector striplines. The widths of the slits can be increased for

— i -

Figure 2. Multiple slits (three in this case) are used to produce three spectra which are spactially resolved
in the direction perpendical to the slits and dispersion plane of the crystal. Three spectra are
imaged onto three striplines of a microchannel plate detector which is gated to record three
spatially resolved spectra at times t;, t, and t; in the emission pulse. Radially resolved but axially
averaged intensities distributions of each spectral line are record if the slits are aligned with the
pinch. viewing an alignment light source at the pinch location and then precisely adjusted to
optimize the x-ray intensity.

viewing an alignment light source at the pinch location and then precisely adjusted to

optimize the x-ray intensity.
Measurements of the spectral resolution of these instruments using a cold electron beam

source reveals a figure-of-merit A/A\ about 1850. This value is a factor of 3 less than the

theoretical value for an ADP crystal (6000) and orders of magnitude less than the
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calculated value for the geometrical optics design of the HY-REX spectrometer. The
mosaic properties of the crystal appear to determine the resolution of the spectrometer in

the spectral range of 5-9 A.

The spectrometers were used to study the characteristics of pinched plasmas on the DM-2
and Double Eagle accelerators at Maxwell Physics International and on Saturn at Sandia
National Laboratories in both the short (60 — 100 ns) and long (120 — 200 ns) current
pulse modes. The measurements reveal ion temperatures in range of 3 — 5 keV on both
Saturn and Double Eagle from Al wire loads in the short pulse modes. The measured
values are larger in the long pulse mode (6.9 + 1.4 keV on Saturn and 8.5 + .8 keV on
Double Eagle). These HY-Tech values are considerably smaller than the 5-45 keV values
inferred by Sanford et al. [12] from time resolved spectral measurements on Saturn in the
short pulse mode. The latter ion temperatures were inferred from survey spectra by taking
into account source broadening and the effects of opacity. The significance of this
discrepancy to the simulator program lies in the current understanding of radiation
processes in the pinch. Attempts to model the observed spectrum and x-ray yield from the
pinch cannot be simultaneously reconciled with the lower ion temperature measured by
HY-Tech. If this discrepancy is more that the difference between time resolved and time
averaged spectra, then these measurements can be indicative of the different degrees of
thermalization that have been achieved. A lesser degree of thermalization would be
expected in Sanford’s case where a large number of wires (90) led to a shorter radiation
pulse (3-5 ns) than the 25 ns pulse achieved with 24 wires in case of shot 2396 studied by
HY-Tech. If, on the other hand, the resolution of Sanford’s spectrometer is insufficient to
measure a lower temperature value, the difficulty with reconciling the measured yield

with theoretical calculations deserves more study.
HY-Tech has sought direct evidence for non-thermal electron beams by analyzing the

first and second order spectra obtained with two orthogonally oriented spectrometers on

Saturn. Results to date have not shown any polarization properties that would be
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indicative of e-beams. The absence of polarized x-rays may not be evidence for thermal
plasma. The null result may be due to depolarization by the optically thick plasma and/or
the reduced polarization (by 40%) that is expected when viewing the pinch at 55° to its

axis.

The radial distribution of the electron density and temperature were inferred from the x-
ray spectra using three different approaches. The first two approaches related the Abel
inverted intensities of measured spectral lines to values calculated by J. Apruzese [13] for
a uniform plasma column having the same pinch diameter using a collisional radiative
equilibrium (CRE) model. In both cases the Ly,/He, + IC line ratio of a 5% Si dopant
was used together with either the IC/He, line ratio or the IC intensity to infer local values
for the electron density and temperature. The density profile inferred from the IC/He,
approach exhibited an on-axis depression due to opacity effects and radially increasing
density which has been attributed to the absorption and reemission (scattering) of
radiation from the interior of the plasma column by the coronal plasma. [2] Since the
scattering cross section is 230 larger for the resonance He, line than the IC line, the value
of IC/He, is depressed implying a larger electron density. The second approach used the
intensity profile of the He, line, instead of the IC/He, ratio in an attempt to avoid these
opacity and scattering effects. Since the spectrometer was not absolutely calibrated, the
calculated intensity at some radial position r, was used to normalize the intensity profile
at all other radial positions. The intensity at r, was calculated using the density and
temperature inferred from the IC/He, approach. The value of r, was chosen midway
between the regions where the opacity and scattering are expected to dominate. Although
a realistic density profile was obtained which decreased monotonically from a peak on-
axis, no criterion can be identified for selecting r,. These attempts led to the third method
which is described in detail in Ref [2]. In this case, the radial intensity profiles of the
lines prior to Abel inversion were modeled by calculating the line integrated intensity
emergent along a line perpendicular to the pinch axis. The spatially dependent scattering

was included in the calculations. An iterative procedure was used in which the radial
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density and temperature profile were varied to obtain the optimal fit with the spectral line
profiles. The spectral profiles were sufficiently sensitive to the assumed density and
temperature distributions to indicate that a unique distribution was identified. These
results clearly established that radial electron density and temperature profiles in the
radiating pinch can be inferred from radially resolved spectral measurements.

The remainder of the report is organized as follows. The next section describes the
design, fabrication, and testing of the spectrometer used in this study. This is followed by
a section describing the ion temperatures, ion density distributions and electron

temperature distributions studied in this program.
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Section 3
Imaging High Resolution Spectrometers

3.1 Spectrometer Design Considerations

The spectral resolution of a x-ray spectrometer depends on the dispersion and focusing
properties of the optical design and the resolving power of the crystal employed. The
geometrical optics design provided the only avenue for improvement since the resolving
power of the crystal and the resolution of detector systems are fixed quantities.

Numerous spectrometer designs have evolved which provide different levels of collection
efficiency, spectral resolution, and compensation for source broadening. In general, the
spectral range sampled with a given detector diminishes as the spectral resolution
increases. Density determination from Stark broadening favors a higher spectral
resolution instrument whereas a wider spectral view is required if the density is inferred
from the ratio of a few spectral lines. The decision to infer densities from line-ratio

measurements favored the simple Johann geometry for this application.

A Bragg crystal spectrometer in the Johann geometry [10] employs a cylindrical concave
crystal with radius r. to disperse the x-rays in the plane of curvature. Monochromatic x-
rays, emitted from an extended source, are Bragg reflected from this crystal and focused
onto a detector surface known as the Rowland circle, thereby eliminating source
broadening of the spectral line. The Rowland circle, with radius r/2, is tangent to the
center of the crystal. The spectral range sampled depends on the 2d spacing of the crystal
employed, the grazing angle the incident x-ray makes with the crystal surface, the length
of the crystal, and the spectral range subtended by the detector. Different spectral ranges
can be sampled by changing the crystal or rotating both the detector and crystal as a rigid
body about an axis through the point of tangency between the Rowland circle and crystal

surface.
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The spectral resolution that is obtained with this instrument depends on the geometrical
optics design of the crystal/detector geometry, the dispersion and mosaic properties of the
crystal, and the dimensions of the detector medium. The highest spectral resolution is
obtained with photographic film which can be bent to lie on the Rowland circle. Kodak
type 2497 has the smallest grain size, 0.8 um, but is significantly less sensitive than
Kodak direct exposure film having a grain size of 1.8um. Time resolved measurements
can be made with a gated microchannel plate detector. The spectral resolution in this case
is significantly less than with film because the minimum resolvable dimension is
approximately 60 pm and the detector is flat, which can contact the curved Rowland

circle at no more than 2 points.

3.2 Geometrical Optics of Crystal Spectrometers

The focusing properties of the spectrometer were studied using a ray-tracing code that
calculates the trajectory of x-ray photons emitted from different points in the pinch and
Bragg reflected from a concave crystal of radius, r.. This model can be used to determine
the dispersion relation for the spectrometer as well as evaluate and optimize the focusing
properties of the crystal. The code is based on the trigonometric expression for the
dispersion of the spectrometer which relates the distance, Z, along the detector of radius,
15, to the photon energy, E, the crystal 2-d spacing, and the emission site location, s, on
the source. The source, crystal, and detector circle geometry are shown in Figure 3. The

dispersion relation is given by Z = o rr where subject to the Bragg relation.
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Here x,y are the coordinates of the detector center, whose radius is ry, relative to the
crystal center (0,0), h is the source to spectrometer distance, r is the crystal radius, and n
is the spectral order. The geometrical energy resolution of the spectrometer is given by

the expressions
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Figure 3. Geometry for calculating trajectory of x-rays Bragg reflected from concave crystal of radius r..
Origin of coordinates is at center of crystal circle. The angle 8, corresponding to the middle of
the crystal is referred to as the crystal tilt angle in text. The film circle radius r=r/2 in the Johann
geometry with its origin at the midpoint of the crystal radius at angle 6,. The Bragg angle is

05=06+0 with Z=af; the distance on the film between a spectral line and a horizontal reference
line.
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Here, AZ is the length of an extended source observed on the detector surface which is
determined by the focusing properties of the cylindrical surface. Z.(E) are calculated for

monochromatic rays emitted from the two ends of the source.

3.3 Geometrical Optics Design of a High Resolution Extended Range
Spectrometer (HY-REX)

The capability of the Johann geometry to correct for source broadening was studied by
calculating the trajectory of monochromatic x-rays emitted from two locations on the
source. This was repeated for energies reflected from the center of the crystal and the two
ends. Rays with energy E, reflected from the center, where the Rowland circle is tangent
to the crystal, are focused onto it. Rays with E>E, are focused in front of the Rowland

circle while those with E<E, behind it. This can be seen in Figure 4.

-
~

: 4\"— BFC Film
/ Circle
/

Joyonn Geometry
Film Circle
/(Rowland Circle) -

Figure 4. The loci of all x-ray energies focused by the crystal are shown on a best focus circle for a crystal

tilt angle 6,=45°. Rays with energy E>E, are focused in front of the Rowland circle and those
with E<E, behind it.
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The optimal focusing surface was sought using an expanded ray-tracing model which
followed the .trajectors of 10 rays emitted from equally spaced location on the source. The
size of the spot formed by the rays crossing an image plane perpendicular to the central
ray was calculated as the image plane was stepped along the ray until a minimum was
found. This was repeated for all energies reflected from the crystal. A curve through these
focus points could be approximated by a “best focus circle” that does not coincide with
the Rowland circle. This is shown in Figure 4 for a crystal tilt angle 6 = 45°. The
calculations were repeated for different crystal tilt angles from 20° — 60° and the
appropriate “best focus circle” identified in each case. These circles are shown in Figure

5. The data points on the best-focus-circles are the loci of all x-ray energies that are

Jokann Geometry
Circles -

Figure 5. Best focus circles and Rowland circles for a range of crystal tilt angles. The BFC crosses the
Rowland circles where the ravs reflected from the crvstal center are found.

Bragg reflected from the 5 cm long crystal. The radius of these curves varied between
11.88 and 19.48 cm. The detection portion of the best focus circle from 6 = 45° was
found to closely approximate the detection region of the other best focus circles if it was

rotated, together with the crystal, using the two (2) arm mechanism shown in Figure 6.
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Figure 6. Two arm rotation scheme used in the HY-REX spectrometer to position the film surface on the
best focus circle as the crystal tilt angle 6, is varied. The angle '® must be set for different ranges
of the angle 0, as given in Table I. The dial sets the angle 6, and locator pins set the angle @ in 5
steps. A 12.5 pum Be window forms a light tight shutterless window for the film cassette which is
clamped to the spectrometer body by a dog that slides in the curved groove.

)

The crystal and film cassette are mounted at the ends of two arms whose other ends are
jointly pivoted. The crystal can rotate about an axis tangent to its front face to set the
angle 0, defined in Figure 3. This angle is approximately the Bragg angle at the center of
the crystal. Setting the angle between the two arms at 2(90-8,) positions the center of the
film cassette on the Rowland circle. The angle, @, between the normal to the film surface

and the second arm must also be set at an angle 0, for the film surface to coincide with



the best focus circle. Representative values of @ for the accessible range of 6, are

presented in Table I. The calculated geometrical optics properties of a 25 cm radius

Table 1. Relationship of cassette angle ® in Figure 6 to the crystal angle 0.

Crystal angle Cassette angle
0, D
15 7.497
20 9.836
25 12.102
30 14.217
35 17.158
40 17.808
45 19.116
50 19.948
55 20.15

crystal 5 cm long are presented next. In this case, the lengths of arms A and B are both
12.7 cm, and the film cassette radius is 18.39 cm. These values are determined by the
geometry of the spectrometer and should scale with the crystal radius. The range of
Bragg angles that are accessible for each crystal angle is approximately 6,+3.8°. The
figure-of-merit, A/AA, for this best focus geometry have been calculated for 10 equally
spaced energies reflected from the crystal. The results are presented for the best focus
geometry for crystal tilt angles of 20°, 45°, and 55° in Figures 7 - 9. Similarly, results are
presented in Figure 10 for a crystal tilt of 45° in a Johann geometry. The large values for
A/AN that is predicted for the full range of tilt angles presentéd in Figures 7 - 9
demonstrates the feasibility of using the rotation mechanism in Figure 6 to approximate
the best focus geometry. The extended range of enhanced spectral resolution achievable
with the best focus design relative to the conventional Johann geometry is clearly evident

from these figures-of-merit calculations.
The focusing property of the crystal will also contribute to the instrumental width of the

spectrometer. Values for A/AX have been calculated for commonly used crystal analyzers.

[14] Some representative values have been presented in Table 2.
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Figure 7. Dependance of the figure of merit, A/AA, on the wavelength for the HY-REX spectrometer with
an ADP crystal (2d=10.6 A) at a tilt angle of 25°.
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Figure 8. Dependance of the figure of merit, A/AA, on the wavelength for the HY-REX spectrometer with
an ADP crystal (2d=10.6 A) at a tilt angle of 45°.
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Figure 9. Dependance of the figure of merit, A/AX, on the wavelength for the HY-REX spectrometer with
an ADP crystal (2d=10.6 A) at a tilt angle of 55°.
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Figure 10. Dependance of the figure of merit, A/AA, on the wavelength for the Johann geometry with an
ADP crystal (2d=10.6 A) at a tilt angle of 25°.



Table 2. Calculated values of A/AA for crystals commonly used in PRS studies.

Values taken from Ref [14].
1% Order
Line | Wavelength (A°) | KAP (001) | MiCA (002) | ADP (101) | si(111)

Al Ka 8.153 1930 3440 6680
Ti Ko 2.746 2250 3580 6300 7700
CuKa 1.5398 6350 7010

2" Order
AlKa 8.153 13,900 12,100
Ti Ka 2.746 29,000 13,100
CuKa 1.5398 42,500 14,600

The crystal appears to limit the resolution in the best focus design case where as the

geometrical optics limits the resolution in the Johann configuration for wavelength 0.1 A

from the center wavelength.

The contribution of the recording medium to the instrument function is given by the

product of the spectrometer dispersion, dA/dZ, and the minimum resolvable spectral

feature, AZ, of the detector. Values for A/AA are presented in Table III when the crystal

tilt angle is 45° for grain sizes and pixel dimensions commonly encountered in x-ray

spectroscopy.

Table 3. A/AM for x-ray detectors when 0 = 45°

Defector AZ, AJAA
DEF Film 1.3 um 199,000
2497 Film 8 um 323,000
Microchannel Plate | 60 um 4,300

An approximation for the instrument function of the spectrometer can be obtained by

assuming that the geometrical optics design, crystal resolving power, and detector

resolution can be approximated by Gaussian distributions whose full widths at half
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maximum (FWHM) are given by A, AL, and ALg, respectively. Then the instrument

function is given by a Gaussian whose FWHM is given by the expression
1
AL =(A47 + AL+ A4 ™

It is clear that only film recording can take advantage of the high spectral resolution that
the best focus design has to offer. These design features were incorporated into the HY-
REX film recording spectrometer described below.

3.3.1 HY-REX Spectrometer

The assembly drawing for the HY-REX spectrometer is presented in Figure 6. The crystal
angle 6, is set using the dial shown. The angle between the arms linking the crystal and
film cassette is set using templates while the tilt angle, @, of the cassette can be varied in

five (5) equal steps using set-pins.

The film cassette consists of a base plate, a film clamp and a cover. An exploded view of
the base plate and “U” shaped clamp is presented in Figure 1 LA single angled stop
locates the low energy end of the film as shown at the top of the cassette in Figure 6. Two
short angled stops are used at the high-energy entrance end of the cassette to locate the
outside edges of the film without obstructing grazing angle x-rays entering the cassette.
This feature allows measurements to be made at Bragg angles as shallow as 13°. A
precisely cut piece of film is inserted sideways under these angled stops to locate the
film. The edges of the “U” shaped clamp are contoured to clamp the film securely to the
best-focus-circle contour of the base plate. A 12.5 mm Be foil on the cover forms a light
tight entrance aperture to the cassette. The film cassette is precisely positioned on its
support arm by two locating pins. The cassette is evacuated when the system is pumped
down through light tight vacuum ports. This “shutterless” concept allows the cassette to
be carried to and from the dark room with minimal precautions and avoids lost data,
which results when a mechanical shutter is not opened. Kimfoil filters at the entrance port

of the spectrometer protect the crystal from pinch debris.
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Figure 11. Exploded view of film cassette showing “U” shaped clamp which presses the film against the
base plate.

3.4 Space and Time Resolved Johann Spectrometer

3.4.1 Design Consideration

The Johann geometry was chosen for this application to provide optimal source
broadening compensation for the central wavelength consistent with the limited spectral
resolution of the gated microchannel plate detector. The locus of points where the rays,
Bragg reflected from the center of the crystal, intercepts the best focus circles can be
fitted by a circle of radius 28.65 cm for 25° < 6 < 55°. The center of the circle, called the
instrument circle, is shown in Figure 12. It is the trajectory on which the center of the
detector must move when the crystal is tilted to access different spectral ranges. The
detector will be approximately tangent to the Rowland circle if the detector is set at an

angle of 17.6° to the tangent of the instrument circle in Figure 12.

The figure-of-merit for the geometrical optics design of this space-time spectrometer is
approximately the same as that of the Johann shown in Figure 10 even though it has a flat
detector. This geometrical limitation must be combined with the spectral limitations

imposed by the pixel size of the gated microchannel plate detector in Table III and the
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Figure 12. Instrument circle on which detector is rotated to maintain Johann geometry as crystal tilt angle
is varied from 35° to 55°. The coordinates of the crystal rotation axis, relative to the center of
the instrument circle, are given in inches for a crystal radius of 25.4 cm (10 inches).

crystal in Table II to obtain an estimate of the spectral resolution of the instrument.

3.4.2 Space and Time Resolved Spectrometer

A space and time resolved Johann spectrometer was constructed which incorporated the
design considerations described above. This four frame unit combines four input slits
with four gated striplines on the microchannel plate to obtain spatially resolved spectra at

four times during the x-ray emission pulse. A three-slit version of the design concept is
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shown in Figure 2. Special features incorporated in the design included a square detector
with 6 mm wide strips to provide full spectral coverage at each time interval with good
spectral resolution. Other bells and whistles include a diode laser whose machined
housing automatically aligns the beam axis with the spectrometer axis when inserted into
the instrument. This laser aims the spectrometer at the source before the slits are in place.
The input slits, whose width can be adjusted while maintaining parallel alignment of the
edges, can be opened with a micrometer drive to image a bright light at the source
location onto the microchannel plates for fine alignment purposes. The slits can be
translated to center the image on the microchannel stripline and then closed down to the

proper width for data acquisition. A tip tilt stage aligns the system with the source.

An assembly drawing of the spectrometer system is shown in Figure 13 and a photograph

of the fabricated instrument is shown in Figure 14. The spectrometer

Turpo Pump

Gateod

TIp=Titt Inaging

Stage—\ sut

©

W\
i3
i N 2R
: Filter/Hermetic Seal

—Gote Valve

Figure 13. Assembly drawing of the time resolved imaging Johann spectrometer. The round spectrometer
body is rotated to position the detector and maintain the Johann geometry when the crystal is
rotated to accesses different spectral ranges.
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Figure 14. Photograph of the time and space resolved spectrometer with cover plates removed to expose
the crystal and microchannel plate detector. The three screw clamps, on one side of the
spectrometer, which draw the round rotating section to the rigid half round shell are seen as well
as two from the other side.

system is connected to the simulation chamber via a tip/tilt stage at the left of the figure
for aligning the instrument with the source. The imaging slits are contained in a separate
housing between the chamber and the spectrometer. The lengths of the vacuum tubes
connecting this component are chosen to provide the proper magnification. A
pneumatically operated gate valve isolates the spectrometer from the simulation chamber
when the later is up to air. This is followed by a rectangular filter housing on which a
turbo-molecular pump is mounted. The crystal is mounted on a rotary stage which is
supported by a paddle-shaped plate affixed to the filter box as shown in Figures 13 and
14. The round spectrometer body is connected to the filter section via a sliding vacuum
seal which allows the former to be rotated relative to the latter. A scribed scale on the
spectrometer body is designed to position the center of the detector at the location where
the crystal focuses the x-rays whose Bragg angle is 0,. A dial sets the crystal angle with a
precision of 6 min and the scribed scale on the rotating portion of the housing positions

the detector with an accuracy of 1/4°,

29



An 8.3 pm Kapton filter, located at the end of the filter box in Figure 14, hermetically
isolates the spectrometer from the remainder of the system. This seal allows the
spectrometer body to be evacuated by the turbo pump to the proper pressure (3 x 10°¢
Torr) required by the microchannel plate detector. A 12.5 um Be foil will be used to filter
out the uv radiation produced by the pinch. A by-pass line connects the volume between
the gate valve and hermetically sealed Kapton filter to the spectrometer chamber. A
pneumatically operated valve in this line is automatically opened when the gate valve is
closed and the main chamber is up to air to equilibrate the pressure across the hermetic
seal. This valve is closed when the gate valve is opened for data acquisition. The 4
entrance slits used to produce the 1-dimensional images of the spectra on the 4
microchannel plate strip lines are shown in Figure 15. One micrometer is used to translate
the slits relative to the housing for positioning the image on the detector strips while the

other one is used to adjust the slit widths. The slit width is adjusted by translating a plate

Figure 15. Photograph of the 4 imaging slit mechanism. Micrometer on left translate the upper plate
realtive to the lower plate to change the width of the slits the while micrometer on right translates
the slits to image the pinch on to the microchannel plate striplines.
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Figure 16. The four imaging slits are formed by two plates having machined angled slots. Traslating the
upper plate with the micrometer on the left side of Figure 15 realtive to the lower one varies the
width of the slits.

having 4 slots, 0.6 mm wide, relative to a similar plate to vary the over lap of the slots.
The slots were cut by an electrical discharge machine with 15° sloping walls, as shown in
Figure 16, to provide a sharp knife-edge for the slits. The slits are parallel to within 15

um over their 4.4 cm length.

The microchannel plate detector is shown in Figure 17. Gold is evaporated onto 6 mm
wide strips to form a photoelectron-emitting surface. The strips have an impedance of
12.5 Q and are fed by a four (4) parallel 50 Q coaxial cables. The edge of the vacuum
housing for the detector has been specially designed to be flush with the surface of the

microchannel] plate. X-rays at grazing angles of incidence as low as 10° can be detected

with this geometry.
A high voltage pulse generator and fan-out box are used to generate four pulses that gate

the microchannel striplines. The on-time is determined by the pulse length and the

temporal separation between the pulses is set with cables having the desired delay length.
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Figure 17. The 6 mm wide Au photo emitting striplines on the 40x45 mm microchannel plate detector are
shown along with the fingers making the connection with the two parallel coaxial lines
providing the gate pulse.

3.5 Determination of the Instrument Spectral Response

The instrumental widths of the Johann and HY-REX spectrometers were inferred from
measurements of K, lines excited by a 10 keV electron beam incident on Al and Si
targets. The tip of an Al wire was used as a target for producing a point source of x-rays
while large bulk targets were used to mimic an extended source. Measurements were
made at crystal tilt angles corresponding to Bragg reflections from each end of the crystal
as well as the center to see if the predicted degradation in spectral resolution of the
Johann geometry can be observed. The separation of the two K, lines of Al and Si are 2.4
and 2.5 mA and their FWHM are 2.7 and 2.1 mA, respectively. [15] The spectral
distribution of the source g(A) can be modeled by the sum of two Gaussian functions

whose relative amplitude are in a ratio of 0.5. [16] The result is shown in Figure 18. Also
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Figure 18. Approximation of the K,; and K, lines of Al or Si spectrum excited with a 10 keV electron

beam, by a Gaussian function whose width is AA;=4 mA.
shown is the fit to g(A) that is obtained with a Gaussian distribution having a FWHM A\
=4 mA. An estimate for the spectral resolution of the instrument can be obtained by
assuming the instrument function f(A) can be approximated by a Gaussian whose FWHM
is A\ A valve for Al can be inferred from the expression

A= Ahops® - Ars?)'? 3)

where Alops is the FWHM of the observed line profile. The values for A, inferred in
this fashion, are presented in Figure 19. The scatter in the values for AAogs limit the
accuracy that can be obtained with these measurements, thereby justifying the

approximation of the source function by a Gaussian.

The distribution of instrumental widths obtained with the ADP crystal is quite broad.
Since errors tend to broaden a measured line width, the points distributed around the
smaller values of A/A\; can be averaged to give a realistic value for instrumental width.

The average value for AA;is A/1850 in this case.
The value of 1850 for A/AA inferred from these measurements is less than the calculated

values for the geometrical designs presented in Figures 7 - 10, the crystal characteristics

presented in Table II and the detector limitation in Table III. The crystals maybe the
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limiting factor since the calculated values do not take in to account the broadening that is

expected when the crystals are bent. A higher resolution crystal, such as Mica in third
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Figure 19. Distribution of instrumental widths inferred from measurements made at different crystal tilt angles
using a elctron beam excited K, source.

order, could be used to further investigate this situation. The present results indicate that
the Johann, HY-REX and time resolved Johann spectrometer can be characterized by an
instrumental width AA; = A/1850 when KAP and ADP crystals are used in first order.
There values may not be appropriate for the measurements made with the KAP crystal in

2" order or with the Si (111) crystal in 1% order.
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| Section 4
Measurement of T}, n;, and T, with Imaging Spectrometers

4.1 Introduction

The Johann and modified Johann (HY-REX) spectrometers constructed under this
program were used to measure the radial and axial distributions of the ion line spectra
emitted by z-pinches. These spectra were analyzed to infer the distribution of ion
temperatures, electron densities, and electron temperatures to demonstrate the practicality
of using an imaging spectrometer to study these plasma parameters. Measurements were
made on Double Eagle and Saturn with Al wire array loads in both the short and long
current modes. Here, short refers to a current pulse that rises to maximum amplitudes in
60 ns on Saturn and 90 ns on Double Eagle. These current durations increased to 120 ns
on Saturn and 200 ns on Double Eagle in the long pulse modes. Measurements were also
conducted on DM-2, having a current pulse length of 300 ns, with Ar gas puff loads.
These studies provide some insight into the different degree of thermalization achieved in
the long and short pulse mode and possibly the difference between gas puff and wire load
implosions. An analysis procedure has been developed, based on CRE calculations of the
emitted line profiles, which can be used to infer the radial distributions of electron

density and temperature with a high degree of confidence in their uniqueness.

4.2 Ion Temperature Measurements

The ion temperature is inferred from the Doppler width of the spectrally resolved profile
of an ion line, which is optically thin. The spectral profile of the line emitted by the
source can be inferred from the measured line profile by deconvoluting the contribution
of the instrument response function. This can be most easily accomplished by assuming
that both the observed line profile and the instrumental response function can be
adequately approximated by Gaussian functions having FWHM of Alogs and AA;,
respectively as described in Section 3.5. In this approximation, the source width AAs can

be inferred using Equation (7) with the instrumental width A}; given by the value A/1850
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inferred in that section for KAP and ADP crystals. Unfortunately, AA; was not measured
for KAP in 2™ order or for Si (111) crystals used in some of these studies.

In addition to Doppler broadening, the ion line profile can be broaded by Stark and
opacity effects. The importance of Stark broadening increases for lines originating in
higher Rydberg states and is absent from the IC lines considered in this study. These IC
lines are essentially free of opacity broading leaving them ideal candidates for inferring

ion temperatures from their Doppler broadened line width with T; given by the expression

TikeV) = 1.687 x 10° p (AAJ/A)? )

where A, is the full width at half maximum.

4.2.1 T; on Double Eagle

In the short pulse mode, a current rising to 3.5 MA in 90 ns was used to implode an Al
wire array coated with 5% Si. The spectrum around the Si IC line, shown in Figure 20,
was recorded with a Johann spectrometer using a KAP crystal in second order. The
spectral resolution is adequate to resolve the Al Heg and Si He, lines which are separated
by 12.7 mA with the entire spectrum adequately fitted by nine (9) Gaussian functions.
The resonance lines and the Li like jkl satellites are identified in the figure. The observed
width of the Si IC line was 6.9 mA which yielded a value for T; = 5 keV if no corrections
are made for the instrumental width of the spectrometer. It is not clear that the
instrumental width AA; = A/1850, that was inferred in Section 3.5 for ADP and KAP
crystals is applicable here since the theoretical spectral resolution of the KAP crystal in

second order is a factor of 5 larger that its 1* order value. [14]

36



SiHe,

Al He,

;
VLA

Intensity (Arb. Units)
1
e

i
i
E

04 5
6.50 6.35 6.60 6.65 6.70 6.75 6.80 68S 690

Wavelength (A)

Figure 20. Gaussian fit to Al Hep and the Si He like ion lines along with their associated dielectronic
satellite lines. Spectra recorded with Al wire loads coated with 5% Si.

Al alloy wire loads containing 6% Mg were imploded by a 4.1 MA flat topped current
pulse having a duration of 200 ns in the long pulse mode. The uncorrected ion
temperatures that were inferred from fitting Gaussian functions to the measured profiles
of the Mg Ly,, Al IC and Al jkl satellite line are 15.0, 11.9 and 9.5 keV, respectively.
The spectra were recorded with a KAP crystal in second order and the fit to the satellite
lines is shown in Figure 21. The ion temperature inferred from the satellite lines is

expected to be the most reliable since it should exhibit the least amount of opacity

Al Satcliite Lines
2.4 DE 4133

Intensity (Photons/ium?)
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Figure 21. Gaussian fits to dielectronic satellite lines of He like Al ions. Wavelengths and relative
amplitudes (in parenthesis) are from Ref. [17]
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broadening. The larger width of the Mg Ly, line may not be due to opacity effects, since
this line is a P3, P hydrogen doublet having a separation of 6 mA. This is addressed in

the next section.

4.2.2 T;on Saturn

Twenty-four (24) Al alloy wires containing 1% Mg were imploded on Saturn by a § MA
current pulse rising to peak current in 60 ns. The Mg He like lines were recorded with an
ADP crystal in first order. These are shown in Figure 22. The separation of the resonance
and intercombination lines of Mg were calculated to be 3 mm on the Rowland circle
using a ray-tracing code. This corresponded exactly to the separation of the two lines
observed in the figure, which then were identified as shown. The half width of the Mg
He,, line obtained with this dispersion is 8.7 mA, which corresponds to an uncorrected

ion temperature of 3.7 keV and a corrected value of 2.7 keV.
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Figure 22. Mg He,, and IC lines obtained on Saturn with Al wire loads containing 1% Mg.

The ion temperature in the long pulse mode on Saturn were inferred from the spectra
produced when a 280 Al wire array load containing 1% Mg was imploded by an 8 MA
current pulse having a 140 ns duration. The uncorrected width of the Mg He,, line is 12.4
mA which corresponds to an uncorrected ion temperature of 7.5 keV and a corrected

value of 6.3 keV. The corresponding values inferred from the uncorrected Mg Ly, line
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are 14.5 mA»for the width and 12.2 keV for T;. Since the Ly, should be as optically thin
as the He, line, the Ly, line profile was fitted by the sum of two Gaussian functions to

see if the width can be attributed to the fine structure splitting of the hydrogenic line. The
fitting was performed by constraining the individual Gaussians to have the same width
but allowing all the other parameters to vary. The result is shown in Figure 23. The
separation between the two fitted peaks is 7.9 mA which agrees very closely with the
theoretical separation of 8 mA. The inferred intensity ratio is 0.54 which corresponds to
calculated values for the P3,/Py, intensity ratio when the plasma density ~ 4x10% /cm®. [4]
This latter value is consistent with ion density inferred from spectra obtained on Saturn.
[13] The uncorrected ion temperature that is inferred from the width of the individual fine
structure components is 6.9 keV which is very close to the 7.5 keV value inferred from
the He, line width. This analysis explains the large widths that have been observed from

the Ly, lines relative to the widths of other lines (He, or satellite lines) on both Saturn

and Double Eagle.
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Figure 23. Fit to Mg Ly, line by sum of two Gaussians representing fine structure splitting of hydgrogen
like line. Concentration of Mg was 1% in the Al wire load.
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4.2.3 T; on DM-2 with Gas Puff Loads

The radial profile of the ion temperature was measured on the DM-2 accelerator at
Maxwell Physics International. The 2.1 MA current pulse having a duration of 285 ns,
implodes a 7 cm diameter Ar gas puff load seeded with 4% Cl in 340 ns. The radial
distribution of the ion temperature was obtained as follows. First the radial distribution of
the ion line profile was divided into 56 equal wavelength intervals. The radial intensity
distribution of each wavelength interval was then smoothed and Abel inverted. One such
wavelength interval is shown in Figure 24 along with the uncertainty associated with the
difference between the measured intensity and the smoothed value. The full width at half
maximum is then determined at each radial position by fitting the line profile with a
Gaussian. The resulting radial distribution of the uncorrected ion temperature inferred

from the width of the IC line of Cl is shown in Figure 25.
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Figure 24. Abel inversion of radially smoothed intensity profile in one wavelength interval of the radially
resolved IC line of Cl. Solid points represent smoothed values and error bars uncertainty
between smoothed and actual values.
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Figure 25. Uncorrected radial distribution of the ion temperature obtained from radially resolved Doppler
widths of the IC line of CI.

The axial variation of the ion line width was also studied. A very interesting feature that
has been revealed by these measurements is the variation of the centerline wavelength
with axial position as shown in Figure 26. The center line wavelength was determined for
the He, and IC lines at various axial positions and the results presented in Figure 27. The
same trend in the wavelengths observed here for two closely spaced lines was also
observed on the Ly, and He, line of Ar recorded with another spectrometer which
indicates that this is not an instrumental effect. If these wavelength shifts are attributed to
Doppler shifts due to motion of the pinch, we infer a peak-to-peak transverse velocity of
16 cm/ps which is about one half the implosion velocity for an ) = 1 plasma. [13] The
origin of the Doppler shifts, if that’s what they are, is unknown. However, the results

provide additional information about the dynamics of the pinched plasma.
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Figure 26. Micro densitometer scan of a Cl spectrum obtained with an axially resolved Johann
spectrometer on DM-2. The anode is at the top of the figure and the cathode at the botton.
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Figure 27. Axial distribution of the centerline wavelengths of the IC (upper) and He, (lower) lines of Ci

shown in Figure 26.

4.2.4 Summary of Ion Temperature Measurements

The uncorrected ion temperatures, inferred from optically thin lines, appears to be in the

range of 3-5 keV for Al wire loads on both Saturn and Double Eagle in the short pulse

mode. Larger values of 7.5 to 9.5 keV, respectively, were observed on these generators in

the long pulse mode. A similar value (12.4 keV) was observed with gas puff loads on
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DM-2 in the long current pulse mode. Since the electron temperature is consistently
found to be in the range of 1-1.5 keV, the ratio, Ti/Te is smaller in the short pulse mode.
This ratio, which tends to 1 in a thermalized plasma, is a measure of how well the
radiating pinch has thermalized. The larger values for this ratio in the long pulse mode
may not be related to the current pulse length as much as it is to the radiation pulse
length, si_nce the latter maybe a measure of the time available for thermalization. The
radiation pulse width in the short pulse mode was 43 ns on DE and 29 ns on Saturn.
These pulse lengths decreased to 10-24 ns on DE and 9-20 ns on Saturn in the long pulse

mode.

Another example linking a short radiation pulse to large T;/T. ratio was recently reported
by Sanford et al. [12] They observed the ion temperature to temporally vary between lg
and 45 keV during the 5 ns radiation pulse when an array of 90 Al wires was imploded on
Saturn in the short current pulse mode. Sanford’s values for T; were inferred from time
resolved spectra, which could account for the large difference between their observation
and the present work. If Sanford et al.’s ion temperature measurements are truly
representative of the radiating conditions in the pinch, they emphasis the lack of
thermalization that is achieved when the radiation pulse is short. However, if the
resolution of their spectrometer was inadequate to resolve a small line width, possibly
approaching value obtained with the HY-Tech spectrometer, then the observed power
radiated by the pinch cannot be resolved with calculated values obtained with a CRE
model. [13] The model calculations require the reduced opacity of the higher ion
temperatures to account for the radiated power. Measurements with a time resolved
spectrometer having a high spectral resolution, such as the instrument developed in this

program, are required to unambiguously resolve this discrepancy.
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4.3 Radial Distribution of Electron Density and Temperature in a Z-
pinch

The Si coated Al wire array shot DE4116 on Double Eagle described in Section 4.2.1
above was analyzed as a test case to evaluate the merits of inferring the radial distribution
of the electron density and temperature from the ratio of supposedly optically thin lines.
Three methods of analyzing the spectra are presented. The first approach utilizes the
intensity ratios of the Ly, to (He, + IC) lines and the IC to He, lines. This method led to
a depressed value for the on-axis density, due to the opacity of the He, line, and an
unphysical increase in the electron density in the outer corona, which has been attributed
to optical pumping of the resonance lines in the corona by resonance radiation from the
core of the pinch. [2] The objective of the second approach was to see if the intensity of
either the IC or He, line can be used instead of the IC/He, line ratio as the density
sensitive plasma parameter. Since the spectrometer was not absolutely calibrated, a
normalization procedure was employed. For this purpose the density and temperature was
determined at some radial position, r,, where neither opacity nor photon scattering are
expected to be significant, and the IC/ He, line ratio is therefore representative of the
local density and temperature using the procedure in Method 1. These values for n. and
T, were used to calculate the radiated intensity, which was use to normalize the intensity
at all other radial positions. This led to a more realistic density profile but predicted an
integrated line density greater than the initial load density. This is due, in part, to no
criteria for choosing r,. The failure of the first two procedures led to the third where
radiation transport through the plasma was used to fit the line-of-sight integrated intensity
to the spatially resolved values of the Ly,, He, and IC lines. The procedures for doing

these analyses are described below.

4.3.1 Determination of n,(r) and T.(r) by Method 1

The Si spectrum produced on Double Eagle in the short pulse by an Al wire array coated
with 5% Si was recorded with a radically resolved Johann spectrometer. The radial

profiles have not been corrected for the 150 wm spatial resolution of the imaging slits.
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The Lya, Heq, IC and Li-like satellite lines of Si were spectrally averaged over the ion
line profile and then Abel inverted to obtain the radial profiles of these lines shown in
Figure 28. Since the Al Hes and Si Ly, lines were not spectrally resolved by the
spectrometer, Gaussian functions were fit to the spectra at a number of radial positions to
determine the relative fraction of the total intensity that is attributed to the Si Ly, line.
This is shown in Figure 29. The principal analytical tool which has been employed to
infer electron density and temperature from measured line ratios is an ionization
dynamics and radiation transport model of a one-dimensional (1D) cylindrical plasma
containing detailed configurations atomic structure for the Li-, He, and H-like ionic
stages of Al and Si. This model is described in more detail in Ref. 1. It includes all the
important atomic collisional and radiative processes coupling the levels. To get accurate
photoexcitation rates and to correctly calculate the self-absorption and power outputs, all
optically thick lines are transported, as well as the two free-bound continua arising from
radiative recombination to the K-shell ground states. The model solves for the steady-
state populations of the individual levels assuming collisional-radiative equilibrium
(CRE). The density and temperature required to produce a specific line ratio are then
determined. These are shown as iso contours in Figure 30 for the Ly,/He, + IC line ratio
and in Figure 31 for the IC/He, line ratio. The IC/He, contours tend to be vertical for Si
ion densities > 10" /cm® making them highly density sensitive. The intersection of these
contours for specific experimental values of each line ratio determines a value for n. and
Te. This is then repeated for the line ratios at each radial position to yield the density and

temperature profile shown in Figure 32.
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Figure 28. Radial distribution of the Abel inverted intensities (integrated over the ion line profile) of
prominent resonance lines of Si and the jkl satellites. The order of the lines listed corresponds to
their on-axis intensity.
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Figure 29. Fit to the observed line profile at r=o0 by two Gaussian finctions representing the Al He; line at
6.1745 A and the Si Ly, at 6.180 A. The Si Ly, intensity is found to be 0.45 of the total.
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Figure 30. Calculated iso contours of the Ly, to (He, + IC) line ratio for Si ions are shown as a function of

the electrom temperature and Si ion density for a 3 mm diameter cylindrical plasma composed
0f 95% Al and 5% Si.
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Figure 31. Calculated iso contours of the IC to He, line ratio for the He-like Si ion are shown as a function
of the electron temperature and Si ion density for a 3 mm diameter cylindrical plasma
compound of 95% Al and 5% Si.
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Figure 32. Radial distribution of electron temperature (square) and total ion density (dots) inferred from
intersection of Ly./He, + IC and IC/He, contours.

The inferred density profile rises from a minimum value on axis to peak value at r = 4.5
mm. This distribution is counter intuitive since the distribution is assumed to decrease
radially from a peak value on axis. This dip in the middle is due to opacity of the He,
line, which increases the IC/He, line ratio. The increase at the edges is attributed to
absorption and re-emission (scattering) of radiation from the core of the pinch by He,
ions in the corona. This problem was thoroughly analyzed by Apruzese et al. [2] Their
analysis shows that the He, resonance level is populated twice as often by photo
excitation in the edge of the plasma column as by collisional excitation where as radiative
excitation of the intercombination line’s >P upper level is at most a 1% effect. The
combination results in a depressed value for IC/He, which is consistent with the high
coronal ion density shown in Figure 32. The incorporation of this scattering affect in the

spectral analysis is discussed in Section 4.3.3.
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4.3.2 Determination of n;(r) and T(r) Using the He, or IC Intensity
Profile

The ion density in Figure 32 is underestimated on-axis due to opacity effects and over
estimated in the corona due to scattering. If an intermediate position, r,, could be
identified where neither opacity effects nor photon scattering significantly affects the
IC/He, line ratio, then the ion density n;(r,) and temperature T.(r,) can be inferred at that
location using the above method. The CRE model can then be used to predict the power
radiated by the He,, or IC line at r,. This value of He,(r,) could then be used to normalize
the intensity at all other radial positions. The values of n;(r) and T,(r) can then be inferred

at all other locations using the Ly,/He, + IC line ratio and the line intensity.

The normalization point was chosen to be r, = 2 mm. The resulting distributions of ni(r)
and Te(r) are shown in Figure 33. The density distribution is seen to decrease
monotonically from a peak valve on axis. This is more physical than the distribution
shown in Figure 32 where the density increases radially. However, the total number of
radiating ions/units length that is calculated from this radial profile is about 1.5 times the
number in the initial wire load, which clearly shows that this approach has major
problems also. Since the density decreases as r approaches zero in Figure 32 it is clear
that a smaller value of total ion density would have been obtained if r, was chosen to be
less than 2 mm. Unfortunately, this approach is not productive unless a criterion for

choosing r, can be identified.

49



-—e-- Electron Temperature (V)
—w—Total lon Density (cm™)

1240 32 4 DE 4116 f .
E 2 axl0”
1220 - ;/\}:\ E 2l
i . rand
1200 §/ = 3 o
§ 200 {; t‘”‘f\ \.‘\ ’ E 2 oxi0™ e
L1180 AN / 3 S
£ o \“ i E L, 2
= L w o - 1 6xi0 7]
!g_ 1440 - VN / 3 S
§ 11204 A T / : .2
= % T / - £.2x10° S
£ 100 \\ " / =
§ 1080 4 N Y E g O
E \\ // -\" E hRUSL) ’_,
1060 4 .
) \‘ / * 1
1040 5 \\ 7 E 4.0v10"
1020 - 3
- -
1000 Ferrrrerrprrrreresr S— S S— — S S E 0.0
0.0 0s 10 15 20 25 30 3.5 10

Radial Position (mm)

Figure 33. Radial distribution of electron temperature (dots) and total ion density (squares) inferred from
intersection of Ly,/He, + IC and He, intensity contours normalized to n, T, value at r=2 mm in

4.3.3 Alternate Approach to Inferring Radial Density and Temperature
Profiles

The above example demonstrates the challenge of using the Ly,/He, + IC line ratio and
either the IC/He, line ratio or the IC intensity to determine the radial density and
temperature profile using Abel inverted spectral line intensities if either opacity or
scattering of resonance radiation from the interior of the pinch are affecting the local
population of upper states of the transitions studied. This has led to the method described
below which calculates the spatial profiles of the spectral lines. This description draws

heavily from the more complete presentation in reference [2].

The CRE calculation of J. Apuzese [1] that produced the contours shown in Figure 30
and 31 and used in the first two methods determined the intensities of the spectral lines,
averaged over the pinch cross section. The spatially resolved spectra that will be used by
this third method are determined by calculating the intensity I of an x-ray line emergent
along a chord perpendicular to the pinch axis which is given by I =
(Aul/Rc)hvfcho,de(s)Pe(s)ds where A, is the spontaneous decay rate for the transition, Ny
is the upper level population density as a function of the distance, s, along the chord, and

P¢(s) is the line escape probability for a Voigt profile. This aspect of the model
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calculation is carried out for 41 chords whose impact parameters range from r=o

(intersecting the axis) to within 1.5% of the outer radius of the pinch.

Use of the calculated K-shell spectrum to fit the data (intensities, line ratios, powers,
spatial profiles) is similar to that described in the first two methods. In the present case
the assumed temperature and density profiles are iterated, typically requiring dozens to
hundreds of separate calculations to find the best fit. Initially, simple but versatile
analytic forms for the profiles are adopted, such as power laws or generalized Gaussians.
As the calculations approach the data, hand adjustments of the profiles based on the
observed variable sensitivities are made to fine tune the spectrum and zero in on an
optimum fit. Based on the number of calculations, and the fact that similar but not
identical profiles degrade the agreement with the data, we believe that the fits are unique
in the sense that no profile differing significantly from the one deduced could fit the data

as well. However, they cannot be proven to be so.

The temperature and density profiles which are employed to reproduce the line ratios and
intensities of the data are shown in Figure 34. Note from the dotted lines of Figure 34 that
both the Si line ratios and intensity profiles predicted by the model lie within the
estimated experimental uncertainty of 15%. The electron density profile, when translated
into Si and Al ion densities, accounts for only 40% of the initial mass load. The gentle
decline in electron temperature shown in Figure 34 from 1.24 to 1.04 keV, axis to outer
edge is required to replicate the gradual decline in the measured temperature sensitive
Lyq/ (Heq + IC) ratio shown in Figure 30. This analysis can be used to determine only the
inner K-shell core conditions of the pinch, as a cooler outer halo exists which emits only
the softer L-shell component of the total x-ray output. The decline in temperature and
density with increasing radius is also consistent with the observed decrease of the
intensity of the (He, + IC) lines. What is initially puzzling and apparently paradoxical is

the decrease in density with radius, despite the concurrent decrease of the IC/He, ratio.
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According to the standard theory outlined above in Sec. 4.3.1 and Figure 31, a decreasing

line ratio should indicate increasing density.
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Figure 34. The electron density inferred when photoexcitation is neglected, and the (He, + IC) intensity
profile predicted from this inferred density are plotted vs displacement from the axis. Also

shown are the electron density obtained from the full model as well as the measured (He, + IC)
intensity profile.

The explanation of this surprising result is the presence of intense line radiation from the
core combined with the drastically differing absorption cross sections of the resonance
and inter-combination lines. The upper levels of both lines are competitively populated
by collisional excitation, and also by radiative excitation by the flux of line photons
emitted from the hotter, denser pinch interior. The collisional excitation coefficients of
both lines drop sharply with decreasing electron temperature, and in the outer regions of
the K-shell emitting core, radiative excitation becomes increasingly dominant for the
resonance line, as is shown in Figure 35. Note that, at the outer edge, the He, resonance
line is populated twice as often by photoexcitation as by collisional excitation. However,
as also shown in Figure 35, radiative excitation of the intercombination line’s *P upper
level is at most a 1% effect. This is a straightforward consequence of the fact that the
photoexcitation cross section of the intercombination line is less than that of the
resonance line by a factor of 230. With increasing radius, resonance line emission is
increasingly photoexcited by the flux of x-rays from the hotter, denser interior whereas

this population mechanism is not available to the intercombination line. Thus, only the
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spatially resolved intensity of the resonance line is enhanced by this scattering

mechanism, reducing the IC/resonance ratio even though the electron density is

decreasing.
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Figure 35. The ratio of radiative to collisional excitation is plotted for the profiles of Figure 33, for the Ly,,
He,, and intercombination lines of K-shell Si ions.

Failure to properly take this mechanism into account can lead to the erroneous and
seriously misleading density inferences obtained by Method 1. Figure 34 shows the
electron density profile that is derived from the observed IC/resonance line ratio when x-
ray scattering is neglected. Note that the density increases with radius just as in Figure
32, in accord with the usual interpretation of this line ratio. When this erroneous density
profile is used, the spatially resolved intensity of the (He, + IC) lines is found to increase

with increasing radius, as also plotted in Figure 34, and in contrast to the data.

The averages of the spatial density and temperature profile obtained here were compared
with averages values obtained using spatially integrated intensities and the analysis
routine in Ref. [1]. The spatially averaged analysis uses the measured K-shell power and
pinch diameter together with a temperature dependent line ratio such as the Ly,/He, + IC
to infer an electron temperature and ion density. For this Double Eagle 4116 shot, this
spatially averaged analysis yields a value of 1.4x10'°/cm® for the ion density and 0.98

keV for the electron temperature if the peak valve for the experimentally radiated power
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is used. These values are only in fair agreement with a density of 8.0x10'%/cm® and
temperature of 1.15 keV which are obtained by spatially averaging over the profile in
Figure 34. Better agreement is achieved if the average radiated power instead of the peak
power is used to analyze these time-averaged spectra. In this case a value of 9.8x10'%/cm’

is obtained for the ion density and 1.11 keV for the electron temperature.

4.3.4 Summary of Radial Density and Temperature Profile
Measurements

An imaging diagnostic technique was sought to determine the radial profiles of the
electron density and temperature in a z-pinch from radially resolved x-ray line intensities
that are Abel inverted to provide a measure of the local emission rate. A CRE model
would then relate the ratio of these line intensities to the local density and temperature.
The original approach was based on the different collisional excitation and quenching
rates of the He,, and IC lines of He like ions, making their line ratio sensitive to the
electron density. Unfortunately, these two lines also have vastly different photo
absorption rates leading to opacity and scattering processes that also can affect the IC/
He, line ratios. The opacity effect was recognized, but it was always assumed that the
plasma would be optically thin for r greater that some value r,. In this case, IC/ He, could
be used to analyze the temperature and density profile for r>r, and the values of n and T,
at r, could be used to calculate the intensity of the IC line at rL,. This value of Iic (1,) could
be used to normalize the intensity of the IC line for r<r, and this intensity could be used,
together with the Ly,/(He, + IC) ratio to determine the temperature and density profiles.
Unfortunately, this work has shown that photons emitted by the hot core can be absorbed
by ions in the coronal region altering the local population of the upper He,, state. This
effect increases the intensity of the He, line which leads to an erroneous over estimation
of the electron density. In spite of these complications, Apruzese et al. [2] have shown
that a CRE model which includes these opacity and scattering effects can be used to

calculate the observed intensity profile. The predicted spectrum is sufficiently sensitive to
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the assumed density and temperature profile that this procedure can be used to infer these

profiles with a high degree of confidence in their uniqueness.

The analysis of Apruzese et al. [2] also shows that n. and T, predicted with scattering
effects included agrees with values obtained when scattering is ignored at some value of r
as can be seen in Figure 34. Unfortunately the analysis does not provide a criterion for
choosing this point. This single point might expand into a larger region near the center of

pinch if the plasma is optically thin there. This possibility needs further analysis.
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